Objectives: Our objectives were to assess the magnitude of the disparity in lumbar spine bone mineral density (LSBMD) Z-scores generated by different reference databases and to evaluate whether the relationship between LSBMD Z-scores and vertebral fractures (VF) varies by choice of database.
C
hildren with a variety of chronic conditions are at risk for bone fragility and reductions in bone mineral density (BMD) due to osteoporosis, resulting either from the underlying conditions (such as leukemia, inflammatory conditions, and disorders that impede ambulation) or their treatment (for example, glucocorticoid therapy) (1-5). Dual-energy x-ray absorptiometry (DXA) is the most widely used technique for the evaluation of BMD in children at risk for fractures, given the rapidity of scan acquisition, minimal radiation dose, the excellent precision and accuracy of the measurement, and broad availability. Interest in the clinical utility of DXA-based BMD measurement has heightened in children over recent years, because a growing number of pediatric studies have shown a clear relationship between low BMD and the risk of vertebral (6 -8) and nonvertebral (9) fractures. As a result, the optimal use of DXA-based BMD to identify which children are in need of bone health monitoring is an ongoing point of focus for pediatric bone healthcare providers, with the ultimate goals being to predict individuals at risk of overt bone fragility and to intervene to prevent fractures.
One of the challenges facing clinicians in the use of DXA for assessing BMD in children is choosing the normative database that will be used to convert raw BMD scores to gender-and age-specific Z-scores. Over a dozen published normative databases are available for children on different DXA machines, with Hologic-based studies confirming that Z-scores vary significantly in children depending upon the normative reference database that is used to generate the Z-scores (10, 11) . This issue is particularly relevant given that the International Society for Clinical Densitometry (ISCD) pediatric osteoporosis definition includes a BMD threshold of Ϫ2.0 SDs or lower along with a clinically significant fracture history; recently, the ISCD proposed that the exception to this is the presence of a low-trauma vertebral fracture (VF), in which case the BMD threshold criteria do not apply (12) . The use of the BMD Z-score to define osteoporosis in children raises the importance of understanding the clinical significance of the BMD Z-score variability generated by different normative databases and the relationship between Z-scores and the risk of fragility fractures.
We have previously shown in children with acute lymphoblastic leukemia (ALL) that 16% had prevalent VF around the time of diagnosis, and that every 1.0 SD reduction in lumbar spine BMD (LSBMD) Z-score was associated with 80% increased odds of VF at that time point (6) . We further showed that 16% of children had incident (ie, new) VF at 12 months after chemotherapy initiation and that LSBMD Z-score predicted incident VF, with 40% increased likelihood of a new VF at 12 months for every 1 SD reduction in LSBMD Z-score at diagnosis (7).
It is important to note that these observations are based on the use of a specific LSBMD reference database to generate the Z-scores (6, 7) . Because it has been previously shown (using Hologic instruments) that LSBMD Z-scores vary considerably depending on the normative database that is used (10, 11), we sought to more fully understand the clinical and research implications of the disparities in Z-scores generated by different BMD reference databases, through study of the relationship between LSBMD Zscores and a key clinical endpoint in the pediatric chronic illness population, ie, VF. Specifically, our goals were to 1) assess the magnitude of the disparities in LSBMD Z-scores generated by different published normative references using both Hologic and Lunar instruments and 2) evaluate whether the relationship between LSBMD Z-scores and VF varies depending on the LSBMD reference databases used to generate the Z-scores.
Subjects and Methods

Subjects and clinical data
Patients were recruited through pediatric oncology clinics in 10 children's hospitals across Canada as part of the STeroidassociated Osteoporosis in the Pediatric Population (STOPP) research program (6, 7, 13) . The study was approved by the Ethics Board in each institution, and informed consent/assent was obtained, as appropriate. Children from 1 month to 17 years of age with ALL were enrolled from 2005 to 2007 with the baseline bone health assessment targeted within 30 days of glucocorticoid therapy initiation (median 20 days; interquartile range (IQR) 11 to 26 days). Among the 186 children enrolled in the study, 108 (58%) were boys and 140 (75%) were Caucasian. The ethnicities for the other 25% of the cohort were as follows: native/aboriginal people of North America (North American Indian, Métis, Inuit/Eskimo) (7%), South Asian (eg, East Indian, Pakistani, Punjabi, Sri Lankan) (5%), black (4%), and other (9%).
Standard demographic data including age, gender, and ethnicity were recorded (6) . Children were treated according to the Children's Oncology Group (6) (9 sites) or the Dana-Farber Cancer Institute (1 site) protocols. A comprehensive clinical description of this cohort has been published in 2 reports elsewhere (6, 7) . BMD (grams per square centimeter) was measured in the anterior-posterior projection at the LS (L1-L4) by DXA using cross-calibrated Hologic or Lunar Prodigy (GE Lunar Corporation) systems to generate an areal LSBMD raw value. Details on Hologic and Lunar machine cross-calibration methodology have been described in previous reports (6, 7) . All scans were analyzed centrally by 1 technologist using Hologic QDR (version 12.0) software.
Lateral thoracolumbar spine radiographs were scored independently by 2 pediatric radiologists according to the modified Genant semiquantitative method (14) , and a third radiologist adjudicated discrepancies. Vertebral bodies were graded according to the extent of the difference in height ratios from 100% when the anterior vertebral height was compared with the posterior height, the middle height to the posterior height, and the posterior height to the posterior height of adjacent vertebral bodies, with the following grade definitions: grade 0 (normal), 20% or less; grade 1 (mild), more than 20% to 25%; grade 2 (moderate), more than 25% to 40%; grade 3 (severe), more than 40%. Grade 1 or higher scores were considered to represent prevalent VF.
Pediatric reference data for generation of LSBMD Z-scores
A literature search was performed for pediatric LSBMD reference data that had been generated using either Hologic or Lunar machines. These 2 machines were chosen because they are currently used across Canada and are the most commonly employed machines as reported in the pediatric literature. Normative reference databases that satisfied the following criteria were included in this study: 1) comprised of primarily Caucasian children because this was the composition of our cohort; 2) reference data that spanned a minimum age range of 5 years to less than 18 years or reference data for infants and toddlers (0 to 3 years); 3) sufficient methodological detail to permit calculation of age-and gender-specific LSBMD Z-scores; and 4) published in English. In addition, the Hologic Apex 3.1 (15) database, an unpublished database generated by the Hologic manufacturer, was also included in this study given its frequent use in clinical practice. In some cases, related databases were combined to generate a single database that spanned the age relevant to this pediatric ALL cohort (0 -18 years).
LSBMD Z-score calculations
LSBMD Z-scores (for either L1-L4 or L2-L4, depending upon the parameter that was given by the normative reference database) were calculated using the selected published normative reference databases. The databases provided either LMS parameters (the power in the Box-Cox transformation (L), the median (M), the generalized coefficient of variation (S)), mean and standard deviation (M/SD) parameters, or gender-and age-specific formulae. Linear interpolation was applied to determine Z-scores for ages that were intermediate to age-related values provided in the normative reference databases. Ethnicity was taken into account for the LSBMD Z-score calculation when race-specific reference databases were available. Specifically, black children were analyzed on black reference data where available, and Caucasian/nonblack reference data were applied to Caucasian children. For the other ethnicities in this cohort, Caucasian/nonblack reference data were applied to generate the LSBMD Z-scores due to lack of race-specific data.
Based on the age ranges available in the various normative reference databases, we defined six age groups for comparison of LSBMD Z-scores: 1) 0 to 18 years (n ϭ 186; 108 (58%) male; mean Ϯ SD age 6.6 Ϯ 4.0 years; 29 (16%) with VF); 2) 0 to 5 years (n ϭ 86; 53 (62%) male; age 3.3 Ϯ 0.9 years; 10 (12%) with fractures); 3) 3 to 18 years (n ϭ 153; 87 (57%) male; age 7.5 Ϯ 3.9 years; 26 (17%) with fractures); 4) 5 to 18 years (n ϭ 100; 56 (56%) male; age 9.4 Ϯ 3.5 years; 19 (19%) with fractures); 5) 8 to 16 years (n ϭ 51; 26 (51%) male; age 11.8 Ϯ 2.1 year; 10 (20%) with fractures); and 6) 9 to 14 years (n ϭ 37; 19 (51%) male; age 11.7 Ϯ 1.5 years; 7 (19%) with fractures).
Height Z-score-adjusted LSBMD Z-scores for children in the groups aged 5 to 18 years, 8 to 16 years, and 9 to 14 years were also calculated, according to the method and reference data provided by Zemel et al (16) . The height adjustment was limited to these 3 different age ranges, because this was the age range available in the Zemel publication. Note that the original reference data published by Zemel et al (16) was subsequently revised using updated software (17) ; this revised data was used to calculate the height Z-score-adjusted LSBMD Z-scores in the current report (17) .
Statistical analysis
LSBMD Z-scores generated by various reference databases were reported as means and SD and were compared using the Friedman test. Pearson correlation coefficients (r) between LSBMD Z-scores generated using any pair of normative reference databases were calculated. Based on the cutoff threshold of Ϫ2, LSBMD Z-scores were categorized as low (ՅϪ2) or normal (ϾϪ2) (12) . A logistic regression model with VF as the outcome and LSBMD Z-score as the continuous risk factor was developed for each normative reference database. The model was adjusted for height and weight Z-scores when LSBMD Z-score was used in the model. The model was adjusted for weight Z-score only, when the height-adjusted LSBMD Z-score was used.
The odds ratios (OR) expressed the risk of VF for every 1 SD decrease in LSBMD Z-score. The area under the receiver operating characteristic curve (AUC), which measures how well LSBMD Z-scores can distinguish between children with and without VF, was determined. Cochran's Q test (18) was conducted to assess the heterogeneity/variation in the OR and AUC within each age group across different normative reference databases. Continuous net reclassification improvement (NRI) (19) was calculated to assess the improvement in prediction of VF risk for every 1 SD decrease in LSBMD Z-score gained by using any other normative reference database in comparison with Hologic version 12.3 (chosen as the reference because this is the normative database used in the STOPP study) (20) . Analyses were conducted using SAS version 9.3 (SAS Institute Inc). Statistical significance was considered at P Ͻ .05.
Results
Vertebral fractures
There were a total of 75 VF (53 thoracic, 22 lumbar) in 29 of 186 patients (16%), as previously described (6) . Of the children with VF, 48% had mild fractures as the worst grade, and 52% had moderate or severe VF. Additional details on the distribution of VF that were found in this cohort of children with ALL around the time of diagnosis have been previously published (6) . There was no significant difference in the mean (SD) spine areal BMD raw scores (after cross-calibration) for those children with lumbar fractures (n ϭ 12) when the fractured vertebrae were included in the L1 to L4 BMD results (0.43 g/cm 2 (0.14)) compared with when the fractured vertebrae were excluded (0.44 g/cm 2 (0.13), P ϭ .75 according to an independent 2-sample t test).
Correlations among LSBMD Z-scores derived on different normative reference databases
Our literature search yielded 15 databases that met the criteria outlined in the Subjects and Methods. Table 1 shows the age ranges encompassed by each of these reference data, the nationalities of the children, and the parameters/calculations used for Z-score generation. Two additional normative reference databases encompassing the full pediatric age range (0 -18 years) were constructed by combining reference data from different sources. The first was compiled by combining the Hologic Apex 3.1 database (15) with the published Hologic data from Kalkwarf et al (21) . The second was constructed by combining the published Hologic data from Zemel et al (16) with those from Kalkwarf et al (21) . These databases were combined to allow evaluation of the entire study population, given the similarity in methodological approaches between the 2 databases and the paucity of published databases covering the age range of our cohort.
Correlations of LSBMD Z-scores generated on each pair of normative reference databases within each age group ranged from r ϭ 0.90 to 0.99 for the age group 0 to 18 years, 0.95 to 0.99 for the age group 3 to 18 years, 0.90 to 0.99 for the age group 5 to 18 years, 0.88 to 0.99 for the age group 8 to 16 years, 0.85 to 0.99 for the age group 9 to 14 years, and r ϭ 0.92 for the 0 to 5 years group. Most coefficients (94%) were above 0.90. The lowest were 0.85 between the Hologic 12.3 (20) and Bachrach 1999 (22) in the age group 9 to 14 years. The high correlation coefficients indicated a strong linear correlation between the LSBMD Z-scores generated using different normative reference databases.
The mean LSBMD Z-scores generated by the normative reference databases varied from Ϫ2.0 to Ϫ0.5 for the age group 0 to 18 years, Ϫ2.0 to Ϫ1.4 for the age group 0 to 5 years Ϫ2.1 to Ϫ0.3 for the age group 3 to 18 years, Ϫ2.0 to Ϫ0.1 for the age group 5 to 18 years, Ϫ1.9 to 0.1 for the age group 8 to 16 years, and Ϫ2.0 to 0 for the age group 9 to 14 years ( Table 2 ). The mean LSBMD Z-scores were Ͻ0 for all databases, with the exception of the Webber database (23) (used for age group 8 -16 years and age group 9 -14 years). The Del Rio (24) normative reference database produced the lowest mean Z-scores within each age group. Overall, the mean LSBMD Z-scores were significantly different within each age group for the various reference databases (P Ͻ .001). The maximum disparity in the mean LSBMD Z-score was 2.0 SD (between the Webber (23) and the Del Rio (24) databases for the age groups 8 -16 years and 9 -14 years).
Proportion of children assigned LSBMD Z-scores <؊2 SD
Overall, the numbers and percentages of children with LSBMD Z-scores at or below Ϫ2.0 SD differed substantially depending upon the database used for the Z-score calculation (Table 2) . Among the entire cohort of 186 children with ALL from 0 to 18 years of age, the discrepancy between databases ranged from 15% of children ՅϪ2.0 SD for the Hologic Apex 3.1 (15) and Kalkwarf (21) combined database, to 48% of children for the Del Rio database (24) . Among the normative reference databases studying children 5 to 18 years of age, the Del Rio database (24) designated spine BMD Z-score at or below Ϫ2.0 in 53% of the study subjects compared with 7% on the Webber database (23) .
Among the 29 children with ALL from 0 to 18 years of age who had VF, the percentages of children with LSBMD (24) . Among the 19 children in the 5 to 18 years age group who had VF, the proportion with height-adjusted LSBMD Zscores worse than Ϫ2 ranged from 21% for the Webber (23) and Zemel databases (16) to 74% for the van der Sluis database (25) (Figure 1 ).
Association between LSBMD Z-score and vertebral fracture
For the age group 0 to 18 years, OR for the association between LSBMD Z-score and VF were similar and ranged from 1.92 (95% confidence interval (CI), 1.44, 2.56) to 2.70 (95% CI, 1.70, 4.28) per SD decrease in Z-score (Table 3) ; the nonsignificant P value from the Cochran's Q test confirmed that these differences were statistically insignificant. These results also confirmed that lower LSBMD Z-scores were significantly associated with in- a Summary statistics were calculated using height Z-score-adjusted LSBMD Z-score for this age group based on the ages available for this calculation according to Zemel et al (16) .
creased risk of VF. Results for other age groups showed similar patterns, ie, similar OR for the relationship between LSBMD Z-scores and VF, regardless of the normative database used to generate the Z-scores ( Table 3 ). The predictive accuracy of LSBMD Z-scores for VF was tightly clustered across different normative reference databases for each age group (Table 3) . For example, the AUC for the age group 0 to 18 years ranged from 0.71 (95% CI, 0.60 -0.83) to 0.75 (95% CI, 0.63-0.86). Likewise, similar AUC results were present in each age group, confirmed by the nonsignificant P values from the Cochran's Q test. Similarly, there was no significant improvement in NRI by any normative reference database compared with Hologic 12.3 (20) except for the Del Rio (24) reference database for the age group 0 to 5 years, Hologic Apex 3.1 (15) and Pludowski (26) reference databases for the age group 8 to 16 years, and Zemel (16), Lunar (USA) (27), Bachrach (22) , Faulkner (28) , and van der Sluis (25) reference databases for the age group 9 to 14 years. These exceptions may be due to 1) the inflated differences in predictive accuracies associated with the NRI; and/or 2) unstable estimates arising from the logistic regression models, given that the overall sample size and the number of children with VF in these 3 age groups were small. For the age group 0 to 18 years (which spans the age range in the entire leukemia STOPP cohort), the NRI were similar compared with Hologic 12.3 (20) for all of the studied reference databases, ranging from Ϫ0.15 (95% CI, Ϫ0.54, 0.25; P ϭ .46) to 0.07 (95% CI, Ϫ0.32, 0.47; P ϭ .72).
Discussion
We found that in our cohort of children with an acute critical illness and the potential for significant bone morbidity, the mean LSBMD Z-scores varied substantially with maximum disparity of 1.5, 0.6, 1.8, 1.9, 2.0, and 2.0 SD for age groups 0 to 18, 0 to 5, 3 to 18, 5 to 18, 8 to 16, and 9 to 14 years, respectively (Table 2) . Not surprisingly, the LSBMD Z-scores arising from the largest normative reference databases (ie, those on more than 600 children, which include normative reference databases generated by the machine manufacturers) gave midrange results overall and were more similar to each other, whereas the greatest disparities arose from normative databases generated on small numbers of children. This observed variability likely results from a host of factors, including differences in the brand, model, and software used for LSBMD acquisition, as well as inherent differences in the sample populations upon which the normative databases were derived (arising from genetic and/or lifestyle differences).
The consequences of a single absolute BMD value generating markedly different Z-scores depending on the normative reference database used are important in 2 areas: 1) clinical practice, where the Z-score has traditionally been part of assessing a child's skeletal status and defining the presence or absence of osteoporosis, and 2) research studies, which attempt to define the relationship between BMD and other clinical risk factors and fracture outcomes.
For the clinician evaluating bone health in a child with or at risk for a VF (ie, at the individual patient level), the use of LSBMD Z-scores is problematic given the disparate Z-scores that are generated by the various normative reference databases. In our study population, the proportion falling below the traditionally diagnostic BMD threshold of ՅϪ2 (who would be categorized as below the expected range for age), varied markedly for children 0 to 18 years of age, from 15% for the Hologic Apex 3.1 (15) and Kalkwarf (21) combined database, to 48% using the Del Rio (24) database.
The inaugural (2008) ISCD criteria for the diagnosis of osteoporosis in children included a BMD Z-score ՅϪ2 as part of the definition (29) . However, updated guidelines published in 2014 state that the presence of 1 or more low-trauma VF is sufficient to diagnose osteoporosis, regardless of BMD findings (12) . Our results provide concrete evidence to support this new definition, because we have shown that children with ALL and VF often have spine BMD Z-scores above Ϫ2.0 SD (although with variability, depending upon the normative database used to generate the Z-scores). Specifically, among the 29 children with leukemia in our cohort and with VF, the proportion assigned a LSBMD Z-score better than Ϫ2 SD (ie, in the face of overt bone fragility) ranged from 38% to 66% depending on the normative database that was used. At the same time, the new (2014) ISCD criteria have retained a BMD Z-score threshold at or below Ϫ2 as part of the definition of osteoporosis in children who have clinically significant fractures other than at the spine (ie, lowtrauma, non-VF) (12) . As part of this scenario, there is a caveat in the new ISCD guidelines to the effect that a BMD or bone mineral content Z-score ՅϪ2.0 in a child with a non-VF does not preclude skeletal fragility and increased fracture risk. This proviso emphasizes the importance of the fracture history in the non-VF setting. Interestingly, Henderson et al (9) showed in children with cerebral palsy, that for every 1 SD reduction in distal femur BMD by DXA, there was a 15% increased non-VF risk. In line with our results, Henderson et al (9) also reported that whereas the prevalence of non-VF increased with lower distal femur Z-scores, some children nevertheless had non-VF despite distal femur BMD Z-scores ϾϪ1 SD. These data in children with cerebral palsy also support an osteoporosis definition that emphasizes the fracture history in those with non-VF.
Ultimately, what may bypass these issues is a standardized LSBMD normative reference database generated using a representative sample of children who are scanned on both Hologic and Lunar machines. When such a database is available, studies could then be done to test clinically relevant Z-score thresholds, which might differ from the arbitrary value of Ϫ2.0 that has been used to this point. The incorporation of other risk factors beyond BMD into fracture prediction models (such as has been done for adults, FRAX) (30) will also likely strengthen the ability to predict VF and non-VF in children.
There are a number of strengths and limitations to this study. This report is novel in its exploration of the disparity in BMD Z-scores generated by different normative databases, first by including both Hologic and Lunar machines and second by studying the relationship between LSBMD Z-scores and VF depending on the normative database that is used to generate the Z-scores. In addition, this report provides data on a cohort that is representative of children who are frequently referred for a bone health evaluation, and so places the issues facing the clinician into sharp focus. Furthermore, calculation of the AUC and NRI provides the clinician with the opportunity to assess the predictive accuracy of LSBMD Z-scores for VF children depending on the normative database that is chosen for implementation in the clinic. A limitation of this study is that only the relationship between LSBMD and VF was explored, and not the relationship between BMD and other fracture types. Another is that only spine BMD was assessed, and not BMD at other skeletal sites. A third limitation is that our study subjects all have ALL; additional studies will be needed to determine whether similar relationships exist in other disease types. As well, we acknowledge that the differences in machine technology (ie, pencil vs fan beam scan acquisition for the various reference databases) may have influenced the accuracy of the data. At the same time, Faulkner et al (31) showed that fan vs pencil beam technology did not lead to clinically significant differences.
In summary, we observed marked disparity in LSBMD Z-scores depending on the normative database that was used, and that children with VF frequently had LSBMD Z-scores ϾϪ2 SD. On the other hand, the relationship between LSBMD Z-scores and VF was consistent among the different normative reference databases. These results suggest that although the use of a LSBMD Z-score threshold as part of the definition of osteoporosis in a child with VF does not appear valid, the study of relationships between BMD and VF remains valid regardless of the BMD database that is used.
